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1. Introduction 



^ , The searches for the Higgs boson and new phenomena beyond the Standard Model 

' of fundumental interactions are important tasks for the new particle accelerator 

- the Large Hadron Collider. The most popular direction beyond the SM is low 
energy supersymmetry. However, it is not clear how supersymmetry is realized. 
The simplest case - the Minimal supersymmetric Standard Model (MSSM)-*^ 2 3 4] 

- is studied in detailes, however possible deviations from it are of great interest as 
well. There exists a wide class of models which contain so called i?^arity breaking 
interactions leading to the violation of lepton and baryon numbers^. These models 
have a number of new coupling constants, some of them are badly constrained, for 
instance, by rare processes, other ones are less restricted. 

In this Letter we consider the model with the neutrino Yukawa interactions and 
related i?-parity violating term in the superpotential. The interesting consequence 
of including the i?-parity violating Xii/iH^Hd term is the modification of the tree- 
level expressions for the Higgs boson masses and upper bound on the lightest Higgs 
boson mass in the MSSM. 



1 
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2. MSSM Higgs scalar potential, minimization conditions and 
supersymmetric Higgs boson meisses 

In this chapter we consider general features of supersymmetric theories related to 
the scalar potential, its minima, and masses of the physical Higgs boson states. It is 
well known that in these theories the scalar potential is not an arbitrary function of 
the fields but is fixed by supersymmetry. The sources of the Higgs scalar potential 
are D-terms coming from gauge-Higgs interactions, terms originating from the 
superpotential, and soft supersymmetry breaking terms: 

Vmggs = \D^ + F*F + Vsofm 

In the MSSM based on the SU{2)l x U{1)y symmetry group the D-term contribu- 
tion reads 

G a i,j 

where the sum is taken over the gauge groups, their generators, and scalar compo- 
nents of the chiral Higgs superfields. From the i?-parity conserving MSSM super- 
potential 

Wrmssm = f^UiQj-H^ - vi^diQj-Hd - yl^EiLyHd + iiH^-H^, (1) 
only the Higgs mixing /U-term 

Wrmssm <x liH^-H^ = M [H+H^ - H^^H^) 
gives the contribution to the i^-part of the VHiggs '■ 

The Higgs doublets are defined as 

and the "dot" operation (•) denotes the SU{2) convolution of the (super)fields 
doublets with the help of the totally antisymmetric ejj-tensor. 

Soft supersymmetry breaking is parametrized by the mass terms for the corre- 
sponding scalar components of the Higgs superfields and an analogue of the Higgs 
mixing term B^iH^-H^ 

Vsoft = -ml^Hl-H^ - ml^Hl-Hd - {BtiH^-H^ + h.c). (2) 



dW 
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The final form of the Higgs scalar potential then reads 
+ Bfi (H+H^ - H^,H°^) + h.c. 

(3) 



To calculate the masses of physical Higgs boson states one has to take the second 
derivatives of the scalar potential (jS]) with respect to the corresponding real and 
imaginary components of the Higgs fields taken at the minima and then diagonalize 
the mass-squared matrices. Then one gets the following expressions'^ for the mass 
of the CP-odd Higgs boson 

for the heavy and the lightest neutral CP-even Higgs bosons and /i° 



''^H°,h» 2 



1 (^m^o + Af| ± {m\„ + Mlf - Am\,Ml cos^ 2/3 ^ , (5) 



and for the pair of charged Higgs bosons iJ"* 



,2 _2 I 71 ^^2 



M^. (6) 



Three mass eigenstates remain zero corresponding to the Goldstone bosons eaten 
by SU{2)l gauge bosons in the Higgs mechanism. Here we have introduced the 
standard notation tan/3 = v^/vd — the ratio of the vacuum expectation values of 
the neutral components of the two Higgs boson doublets. 

The assumption m^o 3> M'^o in Eqn. ip^ leads to the well-known tree-level 
expression for the lightest MSSM Higgs boson mass 

mlo = Mlo cos^ 2/3 (7) 

and the famous inequality 

mloKM^o. (8) 

However, radiative corrections coming mainly from the top-stop loops badly violate 
this inequality'^. For the loop corrected lightest Higgs mass one has 

mlo = Mlo cos^ 2/3 + \ * log + 2 loops 9 



which shift the mass bound upward d ^ ^ ^ * I Renormgroup resummation of all- 
order leading log contributions using effective potential approach slightly changes 
the predictions^. 

Besides, the MSSM scenario with tan /3 < 3 is excluded experimentally by non- 
observation of the Higgs boson lighter than 114 GeV. 
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3. Supersymmetric Standard Model with the Right-handed 
Neutrino and i?-parity breaking 

The superpotential of the Standard Model ([T|) is constructed under assumption that 
neutrinos are massless (there are no Yukawa interactions for the neutrinos which can 
generate Dirac neutrino mass terms after the electroweak symmetry breaking) and 
the i?-parity is conserved. In this case it repeats (up to notations) the Yukawa part 
of the Standard Model lagrangian. However, it is believed nowadays that neutrinos 
have masses, even tiny, then the neutrino Yukawa term 

yl^y.LyH^ (10) 

in the superpotential is possible and should be included [vi here are SU{2) singlet 
right-handed neutrino superfields, and yl^ are neutrino Yukawa couplings). The 
latter implies that one also has to include a term 

Xli?,H^-Hd. (11) 

to the i?-violating part (recall that L and superfields have the same quantum 
numbers and no symmetries but lepton number are violated). Therefore we consider 
the superpotential of the model in the form: 

W = Wrmssm + V>^LrH^ + XlD,H^-Hd. (12) 

The soft supersymmetry breaking Lagrangian also includes the following terms: 

CssB = ... + Al^D.LyH,, + A'^D.H^-H^. (13) 

{pi^ Lj, _ffu, Hd here are scalar components of the corresponding superfields). 

Th e rnode l with this kind of superpotential has been previously considered and 
studiecPESl, however the authors were mainly interested in the solution of the 
/^-problem rather than Higgs mass predictions in the model. Note also, that for 
simplicity we do not consider sneutrino v.e.v. 

The Xli/iHu - term gives the F-type contribution to the Higgs self-coupling, 
and the Higgs scalar potential now reads 

V — VmSSM + \KK\ |-^il^d ^ -^u^dl 



\KK\\HiH^-HlHl\\ (14) 

The minimization conditions for the potential ([T4l) have an additional term due to 
new neutrino-Higgs interaction (the notation = /(ff^ + .9'^) is introduced): 

2 

+ = B^i cot 13 + cos 213 - 2e^Mlo cos^ P (15) 

2 

|mP+to| = B^tan/3- ^^cos2/3- 2e2Af|osin2;3. (16) 
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4. Higgs Boson Masses 



Now it is easy to calculate the masses of the Higgs bosons in our modeL 

Taking the second derivatives of the potential (ITi|) with respect to ImH^ and 
ImH^ in the minimum one gets for the elements of the CP-odd Higgs boson mass- 
squared matrix: 

2 /2 

Ml^^B^tan/?. (17) 
The mass eigenstates are then given by 

~" — 7712 = 0. 



' sin 2/3 ' 

The zero eigenstate of the matrix (ITTt 

V2[sin;3(ImiJ^) - cos /3(Imi75)]. 

is the the Goldstone boson eaten by the Z° boson in the Higgs mechanism, while 
the combination 

V2[cos/3(lmi?°) + sm/3(lmH^)] 
is the CP-odd neutral Higgs boson A° with the mass expression 

m^o = . ■ (18) 



Sometimes it is more convenient to use m^o instead of the B parameter, they are 
related via p^ . 

Let us now look at the masses of CP-even Higgs boson H and h, the latter 
corresponds to the lightest Higgs boson in the MSSM. The mass-squared matrix is 
obtained by differentiating twice the potential with respect to the ReH^ and 
KeH^ and substituting the expression for the vacuum expectation values ([T5)) and 
([in]). One has, for instance 

Ml^ = l/ip + m2[^^ + ^ {2vl - vj) + X^vj ^ Bficotp + M|o sin^ /3, (19) 

^12 = -B^i- ^ v^VA + 2A\ui;d = -Pm - ^ Affo (1 - 4£2) sin 2/3. (20) 

The neutral CP-even Higgs boson mass-squared matrix then reads 

Bp. cot /3 -I- Affo sin^ ^ -P^ - iA/fo (l ~ 4e2) sin 2/3 
-Bp - i A/|o (1 - 4e2) sin 2/3 P/^ tan /3 + A/|o cos^ ;3 

The masses of physical eigenstates are then given by 

= \ (™io + A'/|„ ± (rn^o + A/|o)2 - 4m^oM|o cos2 2/3 + A, j , (22) 
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Fig. 1. The dependence of the Ughtest Higgs boson mass on tan/3 for different values of e. 

where the quantity related to the new i?-violating neutrino-Higgs interactions 
considered above reads 

A, = -8m^oM|oe^ sin^ 2/3 - 8Af|o£^(l - 2e^) sin^ 2/3. 

In the hmiting case m^o <Si Mza one gets 

ml = M|o (cos^ 2/3 + 26^ sin^ 2/3) (23) 

which reproduces the MSSM tree-level upper bound for the lightest MSSM Higgs 
boson at e = 

ml = M|o cos^ 2/3 < M|o . (24) 

Thus we conclude that in our model the Higgs mass constraint is less stringent. 
Fig H] illustrates the dependence of the upper bound for the lightest supersymmetric 
Higgs mass as a function of tan /3 for various values of the e parameter. It is easily 
observed that the bigger the value of e, the higher the mass bound. In particular, 
this takes place for small values of tan /3, thus making the parameter space less 
constrained, and slightly open the scenario with low tan /3 excluded in the MSSM by 
non-observation of the Higgs boson lighter than 114 GeV (Fig 12]). For the moderate 
and large tan/3 > 10 the contribution proportional to is practically negligible, 
and the Higgs mass bound as well as the excluded region in the parameter space 
practically coincides with those of the MSSM. 
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Fig. 2. Regions of the parameter space excluded by the non-observation of tlie Higgs boson for 
different values of e . 



Note, that the modified upper bound on the hghtest Higgs mass (l23l) has the 
same form as in the Next-to-minimal supersymmetric Standard Model (NMSSM) 



ml 



M|o cos^ 2/3 + K^u^ sin^ 2/3, 



(25) 



where k is the coupling of the three SU{2) singlet Higgs superfields. 

For completeness we also calculate the charged Higgs boson masses which get 
negative contribution from the XlDiHaH^ term. The charged Higgs mass-squared 
matrix reads 



|AjAj|)u^ sin 13 cos /3 



C0t;3 1 

1 tan;3 



and the physical state mass is 



(26) 



The zero mass eigenstate corresponds to the Goldstone boson eaten by W^-boson. 

We have not considered in this Letter the possible bilinear i?-parity violating 
term ^iLiH^^ in the superpotential, since for our purposes it is practically irrelevant. 
Its presence leads only to the redefinition of the Higgs scalar potential parameters, 
while the Higgs mass relations ([T^ . (f^ . and remain unchanged. Our goal is 
to demonstrate the possibility of relaxing the upper bound on the lightest super- 
symmetric Higgs. 
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5. Conclusions 

In Conclusion we summarize the main results of this Letter. We have shown that 
introducing the Yukawa interactions of neutrinos y]] DiLjH^^ leading to their Dirac 
mass terms and consequently the possible i?-parity violating terms Xl^UiHuHd mod- 
ifies the expressions of the Higgs boson masses since the latter gives F-type contri- 
bution to the Higgs scalar potential. The final expressions for the Higgs masses in 
our toy model are (|18p . (P^ . and the tree- level bound on the lightest super- 
symmetric Higgs boson 

mlo = M|o (cos^ 2P + sin^ 2/3) (27) 

gets the noticable shift upwards for small values of tan/3. The shift is compatible 
with the loop corrections to the tree-level MSSM expression. This opens the part 
of the parameter space excluded by the non-observation of the light Higgs. The 
situation looks like as in the NMSSM (P5|) . Including the bilinear i?-parity violating 
term [iiLiH^ will not crucially affect our results. However, the more detailed study is 
needed, and the analysis of the full i?-parity violating model with the right-handed 
neutrinos is under study and will be published elsewhere. 
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